Endothelium-derived nitrogen monoxide (nitric oxide, NO) is an important component of vascular homeostasis through regulation of vascular tone (1), arterial pressure (2), platelet and leukocyte adhesion to the endothelial surface (3) , and vascular smooth muscle cell proliferation (4) . In the endothelium, NO is produced by the endothelial isoform of nitric-oxide synthase (eNOS), 1 and this enzyme is subject to various forms of regulation including availability of cofactors and substrates, subcellular localization, protein-protein interactions, and phosphorylation (reviewed in Ref. 5) . Recent evidence indicates that eNOS is regulated, in part, through the coordinated phosphorylation and dephosphorylation of the amino acid residues Ser-1177 and Thr-495 (human sequence) (6 -9) . For example, growth factors (6, 10 -12) and fluid shear stress (13, 14) activate the PI 3-K/Akt signaling pathway, resulting in promotion of eNOS activity by increased Ser-1177 phosphorylation. In contrast, bradykinin activates eNOS activity by promoting Thr-495 dephosphorylation (7, 9) .
Vascular diseases including hypertension (15) and atherosclerosis (16) are characterized by impaired endothelium-derived NO bioactivity. Such impairment is thought to contribute to the clinical events associated with vascular disease including myocardial infarction and stroke (17) . There is now convincing evidence that impaired endothelium-derived NO bioactivity is due, in part, to excess oxidative stress. Diseased blood vessels produce increased levels of reactive oxygen species, in particular superoxide anion radical (O 2 . ) and hydrogen peroxide (H 2 O 2 ) (reviewed in Ref. 18) . With regard to the former, superoxide combines readily with NO in a diffusion-limited reaction (k ϭ 1.9 ϫ 10 10 M Ϫ1 ⅐s Ϫ1 ; Ref. 19) , and this process is well known with respect to its role in limiting the bioactivity of endotheliumderived NO in the setting of vascular disease (20, 21) .
Superoxide is subject to dismutation by SOD into H 2 O 2 , a species not known to interact directly with NO. The production of H 2 O 2 from non-neutrophil isoforms of NADPH oxidase has been described in vascular cells in response to activation of receptor tyrosine kinases by cytokines, angiotensin II, thrombin, and mechanical forces (reviewed in Ref. 18 ). The precise intracellular concentration of H 2 O 2 in these circumstances is unknown, although during inflammation, activated leukocytes are an abundant source of H 2 O 2 that may act upon the endothelium during leukocyte transmigration. Recent studies with real time electrochemical detection suggest that stimulated leukocytes at normal plasma concentration can generate 80 -480 M H 2 O 2 /h (22) . Despite this evidence for both endothelial cell and inflammatory cell H 2 O 2 production, relatively little is known about the implications of this oxidant for NO bioactivity. The purpose of this study, therefore, was to determine whether micromolar concentrations of H 2 O 2 modulate the bioactivity of NO in endothelial cells and to examine the signaling mechanisms involved.
EXPERIMENTAL PROCEDURES
Materials-Cell culture reagents including M-199 medium, L-glutamine, penicillin, streptomycin, and fetal bovine serum (FBS) were obtained from Invitrogen (Carlsbad, CA). We obtained AG1478, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-D] pyrimidine (PP2), LY294002, 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid, (acetoxymethyl)ester (BAPTA-AM), and Ro-31-8220 from Calbiochem. The polyclonal antibodies directed against phospho-eNOS (Ser-1177), AKT, and phospho-AKT (Ser-473) were from Cell Signaling Technology (Beverly, MA). The polyclonal antibody against phospho-eNOS (Thr-495) was obtained from Upstate Biotechnology, Inc. (Lake Placid, NY). Anti-eNOS monoclonal antibody was obtained from Transduction Laboratories (Lexington, KY). L-[ 3 H]arginine (1 mCi, 53 mCi/mmol) was obtained from PerkinElmer Life Sciences, and cGMP assay kits were from Cayman (Ann Arbor, MI). All other reagents were obtained from Sigma.
Endothelial Cell Culture-Porcine aortic endothelial cells (PAECs) were harvested and cultured on fibronectin-coated tissue culture flasks in M-199 medium supplemented with 15% FBS, 50 g/ml heparin sulfate, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin as described (23 ]citrulline that was sensitive to L-nitroarginine methyl ester (L-NAME). Confluent PAECs in 60-or 100-mm culture dishes were washed and incubated in PSS for 30 min followed by the addition of 500 M L-NAME or other additions for a further 30 min. PAECs were then treated with H 2 O 2 or buffer for 20 min before the addition of 10 M L-arginine plus 3.3 Ci of L-[
3 H]arginine in the absence or presence of 1 M calcium (Ca 2ϩ ) ionophore (A23187). After 15 min, cells were washed with PSS and lysed with 250 l of 100% ethanol, after which 2 ml of ice-cold stop buffer (20 mM sodium acetate, pH 5.5, 1 mM L-citrulline, 2 mM EDTA, 2 mM EGTA) was added. The lysate in stop buffer was then subjected to anion exchange chromatography using 2-ml Dowex AG50W-X8 columns (BioRad) preequilibrated with stop buffer. L-Citrulline was eluted three times with 2 ml of stop buffer, and the eluent was collected for determination of L-[ ]citrulline that is sensitive to pretreatment of the PAECs for 30 min with L-NAME (500 M) and is expressed as dpm/10 6 PAECs. Assay of Endothelium-derived NO-NO mediates many of its biological effects by activating soluble guanylyl cyclase, resulting in increased intracellular cGMP concentration (24) . Therefore, eNOS-derived NO production was monitored in intact cells by measuring the L-NAME-sensitive accumulation of cGMP (23) . Confluent PAECs in six-well plates were equilibrated for 30 min in PSS supplemented with 200 M 3-isobutyl-1-methylxanthine (IBMX) and 200 M L-arginine in the absence or presence of L-NAME (500 M) or the inhibitor of interest. Equilibrated cells were then exposed to H 2 O 2 or vehicle alone for 30 min before the cells were lysed by the addition of 6% ice-cold trichloroacetic acid. Cell lysates were then subjected to centrifugation at 13,000 ϫ g for 10 min, and determination of cGMP in supernatants was performed as described previously (23) . The cell pellet protein content was determined by the BCA protein assay (Pierce) after solubilization with 1 N NaOH.
Immunoprecipitation and Western Blotting-Endothelial cells were washed with PSS and incubated in lysis buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride for 30 min on ice followed by brief sonication. Cell lysates were centrifuged (12,000 ϫ g, 15 min, 4°C), and the supernatant was either resuspended in loading buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 200 mM dithiothreitol, 20% glycerol, and 0.2% bromphenol blue) or used for immunoprecipitation. For eNOS immunoprecipitation, lysates were incubated with eNOS monoclonal antibody (4 g/ml) rotating for 16 h at 4°C followed by a 2-h incubation with protein A/G-agarose. Following centrifugation, the immunoprecipitates were washed three times with lysis buffer, resuspended in loading buffer, boiled for 5 min, and subjected to SDS-polyacrylamide gel electrophoresis. Resolved proteins were transferred at 4°C to a nitrocellulose membrane (Hybond; Amersham Biosciences, Inc.), and the membrane was blocked with 4% nonfat dry milk in TBS-Tween buffer (20 mM Tris-HCl, pH 7.4, 135 mM NaCl, 0.1% Tween) for 30 min. Blocked membranes were incubated with primary antibody (1:1000 dilution) in 4% nonfat dry milk in TBS-Tween buffer at 4°C for 16 h. Membranes were washed with TBS-Tween and incubated at room temperature for 1 h with horseradish peroxidase-conjugated secondary antibody (1:7500 dilution) in TBS-Tween containing 4% nonfat dry milk. Membranes were washed in TBS-Tween, and proteins were detected using an enhanced chemiluminescence detection kit (New England Biolabs, Beverly, MA). Densitometric analysis of Western blots was carried out using PDI Imageware System (Huntington Station, NY). absence of 500 M L-NAME as indicated. Cells were then exposed to buffer alone (CTL) or 250 M H 2 O 2 for 30 min, and cGMP was determined as described under "Experimental Procedures." Data are presented as the increase in cGMP minus the value obtained for cells treated with L-NAME alone (2.4 Ϯ 0.4 pmol/mg, n ϭ 10). C, thoracic aortic rings isolated from New Zealand White rabbits were suspended in organ chambers in the absence or presence of 500 M L-NAME for 30 min. Vessels were then contracted with phenylephrine (1 M), and relaxation was assessed in response to 250 M H 2 O 2 . Data represent the mean Ϯ S.E. of 9 -12 independent experiments (p Ͻ 0.05 versus control (*) or H 2 O 2 ( †)).
Aortic Ring Studies-New Zealand White rabbits (2.5-3.5 kg) of either sex were used for the present study (Pine Acres Rabbitry, Brattleboro, VT). Animal studies were approved by the Boston University Medical Center Institutional Animal Care and Use Committee. The thoracic aorta was isolated from New Zealand White rabbits sacrificed with pentobarbital (120 mg/kg) via a marginal ear vein. Vessel segments were prepared, suspended in organ chambers as previously described (25) , and gassed with 95% O 2 , 5% CO 2 . After equilibration for 90 min, vessels were treated with buffer alone or L-NAME (500 M) for a further 15 min. Vessels were then contracted with phenylephrine (1 M) for 15 min, and the vascular relaxation was assayed in response to 250 M H 2 O 2 . Vessels used for studies routinely relaxed by Ͼ75% in response to 1 M acetylcholine (not shown).
Adenoviral Transfection-Experiments were performed where PAECs were infected with an adenovirus (kindly provided by Ken Walsh, St. Elizabeth's Hospital, Boston, MA) expressing a dominant negative mutant Akt (Ad.dn.Akt), which was tagged with green fluorescent protein and contained mutations at T308A and S473A (26, 27) . This mutant Akt cannot be activated by phosphorylation (28) and hence functions in a dominant-negative manner (29) . PAECs were infected in medium without FBS for 2 h, washed, and incubated in fresh medium with 15% FBS for 24 -48 h prior to experimentation. Using these conditions, the transfection efficiency of the transgenes was typically Ͼ80% as determined by green fluorescent protein expression. Control virus contained a LacZ insert instead of the transgene.
Statistical Analysis-All numerical data are presented as means Ϯ S.E. Western blots shown are representative of three or more independent experiments. For parametric data, comparisons among treatment groups were performed with one-way analysis of variance and an appropriate post hoc comparison. Nonparametric data were compared using Kruskal-Wallis one-way analysis of variance on ranks with a post (Fig. 1A) . The increase in eNOS activity noted with H 2 O 2 treatment was 37 Ϯ 9% (p Ͻ 0.05; n ϭ 5) of maximal eNOS activity stimulation afforded by treatment with a 1 M concentration of the Ca 2ϩ ionophore, A23187 (data not shown). Second, H 2 O 2 treatment promoted NO production in PAECs as indicated by an increase in cellular cGMP content that was inhibited by L-NAME (Fig. 1B) . Third, H 2 O 2 induced the relaxation of preconstricted rabbit aortic rings in a manner that was significantly inhibited by pretreatment with L-NAME (Fig. 1C) (6 -10, 13, 30) . To examine the effect of oxidative stress on eNOS phosphorylation at Ser-1177 and Thr-495, postconfluent PAECs were exposed to H 2 O 2 , and eNOS phosphorylation was examined using antibodies directed against phosphorylated residues Ser-1177 and Thr-495 of eNOS. Fig. 2 shows that PAECs exhibit little or no phosphorylation of eNOS at Ser-1177 but significant phosphorylation at Thr-495 under resting conditions. Treatment of PAECs with H 2 O 2 resulted in a time-and concentration-dependent increase in eNOS phosphorylation at Ser-1177 and dephosphorylation at Thr-495 (Fig. 2) . Maximal responses to H 2 O 2 generally occurred within 30 min (Fig. 2 , A and C) and at concentrations of ϳ150 -300 M (Fig. 2, D-F) . In general, changes in Ser-1177 phosphorylation were more sensitive to H 2 O 2 than were changes in the phosphorylation state at Thr-495. We observed no significant changes in total eNOS level as a function of H 2 O 2 treatment (Fig. 2A) . These responses were also reversible, since eNOS phosphorylation at both residues returned to resting levels within 30 min after H 2 O 2 removal (Fig. 3) (28) . Peroxide activated Akt in a time-and concentration-dependent manner (Fig. 4, A and B) that closely approximated eNOS Ser-1177 phosphorylation (cf. Fig. 2 ). Because Akt functions as a downstream effector of PI 3-K (32), we examined the effect of the PI 3-K inhibitors LY294002 and wortmannin on H 2 O 2 -induced Akt activation and eNOS phosphorylation status. As shown in Fig. 5A , pretreatment of PAECs with LY294002 or wortmannin at concentrations that selectively inhibit PI 3-K significantly attenuated Akt activation and eNOS phosphorylation at Ser-1177. As expected, catalase prevented H 2 O 2 -mediated activation of Akt and Ser-1177 phosphorylation (Fig. 5A) , while the NOS inhibitor L-NAME had no effect (data not shown). Both PI 3-K inhibitors also inhibited H 2 O 2 -induced dephosphorylation of eNOS at Thr-495, while treatment with the inhibitor alone had no effect (Fig. 5B) (Fig. 6) . In contrast, LY294002 had no effect on the ability of A23187 to stimulate eNOS activity (data not shown). Similar results to those obtained with LY294002 were also found with wortmannin (data not shown).
To more specifically address the role of Akt activation in H 2 O 2 -induced modulation of eNOS phosphorylation, we overexpressed dominant negative or constitutive active mutant Akt isoforms via adenoviral vector transfection (27) . As has been previously documented, overexpression of the constitutive active Akt promoted phosphorylation of eNOS at Ser-1177 (Fig.  7A) . Overexpression of the dominant negative isoform of Akt in PAECs significantly attenuated the ability of H 2 O 2 to promote Ser-1177 phosphorylation without altering H 2 O 2 -mediated Akt phosphorylation (Fig. 7B) . In contrast, dominant-negative Akt overexpression had no material effect on H 2 O 2 -induced dephosphorylation of eNOS at Thr-495 (Fig. 7C) (Fig. 8A) . Pretreatment of PAECs with PP2 and AG1478 also significantly inhibited eNOS Ser-1177 phosphorylation (Fig. 8B) and Thr-495 dephosphorylation (Fig. 8C) (Fig. 8, A and B) . In contrast, BAPTA-AM did not affect the ability of H 2 O 2 to promote dephosphorylation of eNOS at Thr-495 (Fig. 8C) . Although increases in Ca 2ϩ fluxes are frequently associated with activation of protein kinase C, treatment of PAECs with the selective protein kinase C inhibitor Ro-31-8220 had no marked effect on H 2 O 2 -induced Akt activation or promotion of eNOS phosphorylation at Ser-1177 and dephosphorylation at Thr-495 (data not shown). However, treatment of PAECs with Ro-31-8220 alone caused a decrease in basal Thr-495 phosphorylation (data not shown). This latter finding is in agreement with previous studies identifying an important role for protein kinase C in maintenance of the basal phosphorylation status of Thr-495 (8, 9) .
To examine the roles of Src and intracellular Ca 2ϩ on H 2 O 2 -induced eNOS activation, we examined intracellular L-[ 3 H]citrulline production and cGMP accumulation in PAECs under the same conditions as in Fig. 8 . As expected, H 2 O 2 stimulated both eNOS catalytic activity (Fig. 9A) and NO pro- (Fig. 9A) or NO production (Fig. 9B ) in response to H 2 O 2 . We also found that PP2 had no effect on A23187-stimulated eNOS activity (data not shown). Cells pretreated with BAPTA-AM did not exhibit any stimulation of eNOS activity or NO production in response to H 2 O 2 (Fig. 9) . Together these results demonstrate that Src and the ErbB receptor family are necessary for both coordinated H 2 O 2 -induced changes in eNOS phosphorylation and catalytic activity. In addition, H 2 O 2 -induced eNOS activation appears to be strictly Ca 2ϩ -dependent.
DISCUSSION
Few studies have examined the implications of H 2 O 2 for eNOS activity and NO bioactivity in endothelial cells. Drummond et al. (35) recently reported that treatment of aortic endothelial cells with H 2 O 2 resulted in increased expression of eNOS protein at the transcriptional level after 18 -24 h, and this increased protein expression resulted in enhanced NO bioactivity. Reactive oxygen species have also been reported to account for the ability of long term cyclosporin A treatment to stimulate eNOS mRNA and protein expression in aortic endothelial cells (36) . In the current study, we examined the short term implications of H 2 O 2 on eNOS activity in PAECs. We found that H 2 O 2 promotes NO bioactivity measured as the conversion of L-[ (38) . The current study extends these findings by elucidating the mechanisms whereby H 2 O 2 can promote activation of eNOS. In particular, we found that the effect of H 2 O 2 involved a coordinated phosphorylation of eNOS on Ser-1177 and dephosphorylation at Thr-495. Thus, using selective PI 3-K and Src inhibitors, we found that inhibiting H 2 O 2 -induced changes in eNOS phosphorylation also prevented eNOS activation as determined by either the conversion of L-[ (Figs. 6 and 9 ). Although both increased Ser-1177 phosphorylation and Thr-495 dephosphorylation have been previously reported to correlate directly with activation of eNOS (6 -10, 13), the relative importance of Ser-1177 phosphorylation versus Thr-495 dephosphorylation with respect to the ability of H 2 O 2 to promote eNOS activity requires further investigation.
In this study, we provide novel data showing that Src and the ErbB receptor family are required for PI 3-K-dependent activation of Akt by H 2 O 2 in endothelial cells (Fig. 8) . Our evidence to support this contention involves PP2 and AG1478, selective inhibitors of Src family kinases and ErbB receptor family kinases, respectively. One caution in the interpretation of these data relates to potential nonspecific effects or toxicity of these compounds to the endothelial cells. Our previously published data demonstrating that H 2 O 2 activates the mitogen-activated protein kinases p38, ERK1/2, and JNK in endothelial cells (33) would argue strongly against such an interpretation. In that study, we found that ERK1/2 and JNK activation were inhibited by PP2 and AG1478, whereas p38 activation by H 2 O 2 was not, suggesting that a general toxic effect was not a feature of these inhibitors. Moreover, in that same study, we found that H 2 O 2 -mediated JNK activation was inhibited by adenoviral transfection with a dominant negative Src isoform or ErbB antisense oligonucleotides (33), suggesting that inhibition of H 2 O 2 -mediated responses by PP2 and AG1478 are specific for the involvement of Src and ErbB receptors. These data, combined with our previous finding that inhibition of PI 3-K with LY294002 does not effect H 2 O 2 -mediated JNK activation (33) points to the ErbB receptor family as an upstream branch point for oxidative stress-induced JNK and Akt activation in endothelial cells. This conclusion is in agreement with a previous study using H 2 O 2 -exposed fibroblasts (31) .
Although H 2 O 2 -induced activation of Akt has been reported previously (31, 39) , our observation that Src and intracellular Ca 2ϩ fluxes are required for this process is novel. Consistent with an important role for intracellular Ca 2ϩ , H 2 O 2 is known to increase intracellular Ca 2ϩ in many cell types, including endothelial cells (34) . Moreover, our data are in agreement with a recent study demonstrating that BAPTA-AM prevents sphingosine 1-phosphate-induced Akt activation, Ser-1177 phosphorylation, and eNOS activation in endothelial cells (40) , probably through inhibition of PI 3-K␤ activation (41 gosine-1-phosphate-induced Akt activation, they do not appear important for vascular endothelial growth factor-induced Akt activation (42) . Future studies will be required to elucidate the precise events involved in the Ca 2ϩ -sensitive signaling pathway required for H 2 O 2 -induced Akt activation and eNOS phosphorylation at Ser-1177 in endothelial cells.
Various stimuli including vascular endothelial growth factor (6, 10), insulin (12) , estrogen (11, 43) , sphingosine 1-phosphate (40, 44) , and fluid shear stress (13) activate Akt, resulting in promotion of eNOS activity through increased Ser-1177 phosphorylation. The current study indicates that H 2 O 2 can be added to this list, and one can speculate whether H 2 O 2 may represent an endogenous mediator of Akt activation and eNOS Ser-1177 phosphorylation. We consider such speculation attractive, since H 2 O 2 is an important signaling molecule in the response to growth factors in vascular smooth muscle cells and fibroblasts (45) . Recent findings that vascular endothelial growth factor promotes endothelial H 2 O 2 production add credence to this notion (46) .
In addition to H 2 O 2 , bradykinin has been demonstrated to promote the dephosphorylation of eNOS at Thr-495, a modification important for activation of enzyme activity (7, 9) . Previous studies have also suggested that eNOS dephosphorylation of Thr-495 is mediated by protein phosphatase 1 or calcineurin in a calcium-dependent manner (7, 9) . We have undertaken preliminary studies to investigate the roles of protein phosphatase 1 and calcineurin in H 2 O 2 -induced eNOS Thr-495 dephosphorylation using calyculin A and cyclosporin A, respectively. We did not find any effect of cyclosporin A to prevent H 2 O 2 -induced Thr-495 dephosphorylation, consistent with our observation that H 2 O 2 -induced Thr-495 dephosphorylation is Ca 2ϩ -independent. Experiments with calyculin A were confounded by the toxic nature of the compound to PAECs. Therefore, the precise mechanism by which H 2 O 2 promotes Thr-495 dephosphorylation remains to be elucidated; however, we have established that Src, the ErbB receptor family, and PI-3K are involved in this process.
It is likely that the findings from the current in vitro study using micromolar concentrations of H 2 O 2 will have important physiologic implications. Increasing evidence implicates H 2 O 2 as an important signaling molecule in the vasculature. For example, eNOS-derived H 2 O 2 can act as endothelium-derived hyperpolarizing factor in mouse arteries (47) , and H 2 O 2 can promote signaling pathways important for vascular cell growth, migration, and survival (18) . It is interesting that treatment of endothelial cells with H 2 O 2 can result in increased eNOS activity in the short term ( Fig. 1) and enhanced eNOS expression chronically (35). One possible role for H 2 O 2 -induced promotion of eNOS activity and expression is as a compensatory mechanism to maintain NO bioactivity in the face of increased oxidative stress, a feature of many vascular diseases. This speculation is consistent with reports that NO derived from eNOS protects cells from oxidative stress by an antioxidant mechanism (48) .
